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Abstract. Understanding the ecology of extinction is one of the primary challenges facing
ecologists in the 21st century. Much of our current understanding of extinction, particularly
for invertebrates, comes from studies with large geographic coverage but less temporal
resolution, such as comparisons between historical collection records and contemporary
surveys for geographic regions or political entities. We present a complementary approach
involving a data set that is geographically restricted but temporally intensive: we focus on
three sites in the Central Valley of California, and utilize 35 years of biweekly (every two
weeks) surveys at our most long-sampled site. Previous analyses of these data revealed declines
in richness over recent decades. Here, we take a more detailed approach to investigate the
mode of decline for this fauna. We ask if all species are in decline, or only a subset. We also
investigate traits commonly found to be predictors of extinction risk in other studies, such as
body size, diet breadth, habitat association, and geographic range. We find that population
declines are ubiquitous: the majority of species at our three focal sites (but not at a nearby site
at higher elevation) are characterized by reductions in the fraction of days that they are
observed per year. These declines are not readily predicted by ecological traits, with the
possible exception of ruderal/non-ruderal status. Ruderal species, in slightly less precipitous
decline than non-ruderal taxa, are more dispersive and more likely to be associated with
disturbed habitats and exotic hosts. We conclude that population declines and extirpation,
particularly in regions severely and recently impacted by anthropogenic alteration, might not
be as predictable as has been suggested by other studies on the ecology of extinction.

Key words: butterflies; Central Valley, California, USA; extinction; global change; long-term data;
monitoring.

INTRODUCTION

We live, as our humorists proclaim, in a world of

good news and bad news. The good news is that we

can specify an experiment to decide between the

conventional and the radical interpretations of

extinction, thereby settling the most important

question we can ask about the history of life. The

bad news is that we can’t possibly perform the

experiment.

—S. J. Gould (1989)

The radical interpretation of extinction, according to

Gould (1989), is the possibility that the differential

survival of taxa during major extinction events in the

history of life might have no relationship to survival

during other, less catastrophic times. In other words,

traits that affect the success of a lineage during normal

years might not be the traits that determine survival

during, for example, an extraterrestrial impact. Further-

more, the radical interpretation of extinction suggests

that survival during mass extinction events might not be

replicable. It is in this context that Gould suggested his

now well-known thought experiment involving a replay

of ‘‘life’s tape,’’ and the possibility that another iteration

of the event that ended the Cretaceous would yield

different winners. While the key experiment is still

impossible (lacking time travel), the progress of the

current mass extinction event raises possibilities for

understanding the nature of extinction (McKinney

1997).

For contemporary species we can investigate traits

associated with extinction risk and population decline

(Brook et al. 2008). If these traits are consistent with

those observed from the fossil record to be associated

with extinction during previous extinction events, we

might conclude (contra Gould’s radical interpretation)

that extinction has at least an element of predictability.

We can also ask if traits associated with survival during

the current extinction event are traits that predict

success in the recent, contemporary record. For exam-

ple, if more abundant species tend to have smaller body

sizes, as has often been observed (e.g., Blackburn et al.

1992), will smaller species be more likely to survive the

current age of anthropogenic extinctions? Answers to
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these questions have been reported with increasing

frequency in recent years. Large body size, small

geographic range, and high trophic level, for example,

have all been associated with higher vulnerability to

extinction (Purvis et al. 2000, Cardillo et al. 2005,

Malcom et al. 2006, Boyles and Storm 2007, Sodhi et al.

2008). Most of these reports are for vertebrate species,

which have historically received most of the attention in

studies of extinction, though this emphasis has begun to

change in recent years (Warren et al. 2001, Thomas et al.

2004, Dunn 2005, Cameron et al. 2011).

For butterflies, Koh et al. (2004) report multiple

predictors of extinction risk in a taxonomically extensive

(416 species) but temporally limited data set (a

comparison of two snapshots in time), including habitat

specialization, larval host plant specificity, and sexual

dimorphism. Kotiaho et al. (2005) found narrow diet

breadth and limited dispersal ability, among other traits,

to be associated with threatened status for butterflies in

Finland (see also Stefanescu et al. 2011). Roughly

similar results have been found with other insect groups,

including carabid beetles (Kotze and O’Hara 2003) and

hover flies (Sullivan et al. 2000). Remarkably, similar

traits have been reported for invertebrates in the fossil

record, including greater dispersal ability and large

geographic range (but not body size) predicting resis-

tance to extinction in molluscs (Jablonski 1995). In

addition, host-specialized herbivorous insects spanning

multiple groups suffered disproportionate extinction

rates at the Cretaceous/Paleogene boundary (Laban-

deira et al. 2002).

Despite these striking generalities in the ecology of

extinction, there is reason to believe that we have much

yet to learn (Benton 2003, Kareiva 2004, dos Santos et

al. 2010, Gaston 2010). For one thing, we are only

partway into the current mass extinction event, and

initial patterns in the sensitivity of certain groups might

not be borne out in the face of prolonged and possibly

worsening stressors. It is also the case that many of the

studies on the ecology of invertebrate extinction come

from areas of Europe with a history of human presence

and land use that is long relative to some parts of the

globe. (Exceptions include tropical studies mentioned

above and work from midwestern North America, e.g.,

Swengel et al. [2011].) This raises the possibility that

reports from areas with a less extensive historical human

presence could reveal different patterns of decline, as

species have perhaps not been as long acclimated to

converted and fragmented landscapes. Finally, Nylin

and Bergstrom (2009) caution that many studies on

ecological correlates of decline and extinction have not

been phylogenetically controlled, and thus might over-

estimate the importance of correlated traits.

Here we utilize a temporally extensive but geograph-

ically restricted set of data that have been used elsewhere

to study butterfly phenology (e.g., Shapiro et al. 2003,

Thorne et al. 2006). These data include biweekly surveys

across multiple decades, and we focus on three sites in the

Central Valley of California. Thus these data are a

complement to many other studies with similar objectives
that are geographically more extensive but often utilize a

snapshot approach (e.g., Dennis and Shreeve 2003),
comparing a set of historical records, such as a biological

atlas from the first half of the 20th century, to a
contemporary survey. A previous investigation using this
data set (Forister et al. 2010) documented a dramatic

decline in richness at the Central Valley sites. However,
that study only examined community richness, not

species-specific patterns. Here we take a closer look at
the locations in the Central Valley exhibiting the most

dramatic declines and address the following issues. First,
we investigate the distribution of population trends across

species. Given the declines in richness reported by
Forister et al. (2010), one possibility is that the most

sensitive species are either extirpated or in decline, leaving
a core of more resilient taxa. Another possibility is more

ubiquitous decline. Beyond investigating demographic
phenomenology at the population level, we ask if

particular biological and ecological variables can predict
rates of decline in this fauna. These variables include (but

are not limited to) body size, abundance, geographic
range, and mode of overwintering.

METHODS

Data collection and preparation

The present study utilizes data from a long-term,

ongoing monitoring project that has been described in
detail elsewhere (Thorne et al. 2006, Forister et al. 2010,

Shapiro 2011). In brief, the monitoring project involves
the collection of presence/absence data on a biweekly

basis for butterflies along fixed transects at 10 sites
across northern California. Here we focus on three of

those sites in the Central Valley, where declines in
richness have previously been reported to be most severe
by Forister et al. (2010): West Sacramento (WS), North

Sacramento (NS), and Rancho Cordova (RC). These
three sites are similar in latitude (all very close to 38.58

N), and span just under 30 km from WS on the western
side to RC on the eastern end. WS and NS have been

studied continuously since 1988, RC since 1975. These
sites are all near sea level (,20 m in elevation), and

include a number of plant communities representative of
California’s Central Valley, including invaded annual

grasslands, cottonwood and willow riparian areas, valley
oak woodlands, and live oak–gray pine woodlands. For

more site details, see Shapiro (2011) and Forister et al.
(2010). As a point of comparison, we also include

selected analyses involving data from Gates Canyon
(GC) in the inner Coast Range foothills, where recent

declines in richness have been less severe (Forister et al.
2010). All of the sites involved here were chosen for
long-term study based on the inclusion of maximal

habitat and butterfly diversity.
Preparation of data for analyses started by addressing

variation in sampling effort, which can be accounted for
in different ways, including through the use of sampling
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effort (e.g., number of visits) as a covariate in analyses,

which we have done elsewhere (Forister et al. 2010). For

the present analyses, we found it more straightforward

to control for variation in sampling effort by dividing

the number of visits in which a species is observed per

year by the total number of visits to a site per year. Thus

if a species was seen on 6 out of 12 visits to a site in a

given year, it has an occurrence of 0.5, which we refer to

as the fraction of days observed (or FDO). We excluded

from these calculations all visits before the first date on

which a species was ever seen (across all years) and after

the last date on which a species was ever observed. Thus

FDO is actually the fraction of visits with positive

observations out of the possible visits during which a

species could be observed (i.e., the flight window). This

extra step of excluding visits that were too early or too

late for a particular species had little effect on results for

most species, but aided in the visualization of population

trends, particularly for rare species that are never

present in a large fraction of days when considering all

visits in a year.

Modeling observations of butterfly presence

Logistic regression was used to model the number of

days in which a butterfly was observed per year.

Specifically, we used a generalized linear model (glm)

and logit link function specifying a binomial error

distribution. (Thus this approach can be referred to as

either logistic or binomial regression.) The glm function

was used in R (R Development Core Team 2010), with

years as the independent variable and the two-vector

response variable being the number of visits with

positive observations (presences) and the number of

visits with negative observations (absences). As de-

scribed above, the data were trimmed to each species’

flight window, so that the number of observations

(presences and absences) was restricted to the relevant

flight window. Initial analyses found that models were

overdispersed, which was addressed with the dispmod

package (Scrucca 2009). Subsequent to logistic regres-

sion with each species at each site, variables were

extracted for further analysis. In particular, we focus on

the coefficient associated with years from each model as

a summary statistic representing the demographic

behavior for each species at each site. (This summary

statistic, the coefficient associated with years, is used

throughout most of the analyses described in the

following paragraphs).

While logistic regression was used for the primary

analyses, for illustration of population trends we used

locally smoothed regression (locally weighted scatterplot

smoothing, or LOESS) of FDO. This was done with the

ggplot2 package in R (Wickham 2009), with span set to

0.5. (Span controls the fraction of data around each

point that contributes to the localized regression.) The

setting of 0.5 for span was determined empirically to be

useful across species for visualizing dynamics.

Many species are too uncommon to allow for

meaningful modeling of population trends. As a cut-

off, we excluded from the analyses described above

species that were not present in at least seven years. (For

WS and NS, seven years was one-third of the total

number of years the sites were visited.) For the most

part, species present in less than seven years were quite

rare even in years present, being observed on average for

1.3 days (across species and sites). These species are,

however, still of interest in the larger picture of declining

populations in the Central Valley (see Plate 1); thus we

examined trends in richness for this small component of

the fauna using linear regression of number of species

observed against years at each site.

Correlates of population trends

To investigate variation in population trends among

species, we used the coefficient associated with years

from logistic regression models (see Modeling observa-

tions of butterfly presence) in multiple sets of analyses.

First, we asked if categorical, natural-history variables

could predict variation in declines by using nonpara-

metric Wilcoxon rank-sum tests with the years coeffi-

cient as the response and the following predictor

variables: ruderal status (ruderal or non-ruderal),

number of broods per year (one, two, or multiple),

overwintering mode (adult, larva, or pupa), taxonomic

family, and habitat association (grassland, riparian, or

tule marsh). Ruderal and non-ruderal are composite

natural-history categories. Ruderal species are more

dispersive, and more likely to have a panmictic

population structure with broader population connec-

tivity across the landscape, while non-ruderal species are

less dispersive with more colonial or localized popula-

tion dynamics. In addition, ruderal species tend more

often to be associated with disturbed habitats and exotic

hosts. The distinction between ruderal and non-ruderal

is similar but not identical to the distinction often made

in European studies between habitat specialists and

generalists (e.g., Warren et al. 2001). The assignment of

species to ruderal/non-ruderal categories in our fauna

was done prior to the analyses described here, and has

been used in other publications (e.g., Thorne et al.

2006). Second, we used the same response variable (the

years coefficient) in correlations with the following

continuous variables: abundance, wingspan, geographic

range, and number of native host genera. (We per-

formed both pairwise and partial correlation analyses

with these variables.) These and other analyses were

performed separately for each site. Values for all

categorical and continuous natural-history variables

are given in Appendix A.

Abundance in these analyses was calculated as the

average FDO from only the first one-third of years at

each site. Although we refer to ‘‘abundance,’’ we

recognize that this is not abundance in the usual sense,

but rather a proxy for abundance that allows us to ask if

species observed on a greater or lesser number of days at
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the start of the study were more or less likely to have

declined by the end. For these calculations, the years

were not trimmed to the flight window, as we were

interested in a value that expresses the relative abun-

dance of species. The first third of years was chosen so as

not to conflate ‘‘abundance’’ with patterns of decline in

later years. (We experimented with calculations of

abundance using fewer years, including just the first

three years, and found that results were essentially the

same with calculations using anything less than one-half

of the years.) At our focal sites, we have absolute count

data (as opposed to presence/absence data) since 1999.

We did not use these data to calculate abundance for our

primary analyses because the recording of absolute

count data only began after many populations had been

anecdotally observed to be in severe decline. However,

we did use average, annual true abundance (the average

number of individuals observed each year) since 1999 to

validate our use of ‘‘abundance’’ based on FDO. At our

sites, FDO ‘‘abundance’’ was highly correlated with

absolute count abundance: WS, Spearman rank corre-

lation coefficient ¼ 0.88; NS, 0.87; RC, 0.86 (all

correlations significant at P , 0.0001). These results

are consistent with those we present elsewhere (K. L.

Casner, M. Forister, K. Ram, and A. Shapiro,

unpublished manuscript), demonstrating the effectiveness

of FDO as a proxy for average and peak abundance.

Wingspan was taken from Opler and Wright (1999) as

the mean value of the range reported for each species.

Geographic range was calculated as total area associated

with county records in the contiguous 48 states from

Opler et al. (2010). The number of native genera used as

hosts was based on personal observations (A. M.

Shapiro) and from field guides (Garth and Tilden

1986, Scott 1986); one species, Coenonympha tullia,

was left out of analyses involving native genera given the

difficulty of assessing the number of genera used by this

grass-feeding generalist. Habitat associations were sim-

ilarly based on personal observations (A. M. Shapiro)

made at all of the sites.

As a complement to individual correlations and

nonparametric Wilcoxon tests, we used model averaging

to quantify the ability of multiple variables (categorical

and continuous, described previously) to predict popu-

lation declines (using as the response variable the

coefficient associated with years from logistic regression

models). Model averaging calculates coefficients associ-

ated with each variable across models including all

combinations of variables. Ruderal status was left out of

these analyses because it is confounded with abundance.

(Ruderal species are more abundant in our data; thus

the variables gave redundant results in early runs of

model averaging.) Also left out of these analyses were

overwinter mode and habitat association. In both cases,

these variables had some categories represented by few

species, and were generally found to have the coefficients

least distinguishable from zero in preliminary analyses.

Model averaging was done in a Bayesian framework

(using the BMA package in R), which allows us to

report posterior probabilities associated with each

coefficient (Raferty et al. 2010).

Geographic and phylogenetic patterns

In addition to the investigation of natural-history

correlates of demography, we are interested in the

spatial predictability of population trends. To address

this, we used simple pairwise correlations between

coefficients associated with years (from logistic regres-

sion models) across sites. For example, a comparison

involving WS and NS involved the logistic coefficients

for species present only at those sites, with a significant

positive correlation suggesting that species in decline at

one site are in decline at the second site.

Finally, we investigated the phylogenetic distribution

of population trends by asking if variation in the

coefficients associated with years in logistic regressions

are associated with genetic distances among species. For

species present at multiple sites, we averaged the logistic

coefficients to create a single number summarizing

population trends across sites, then created a species

distance matrix based on these values. A Mantel test was

used to compare the population trends distance matrix

to a distance matrix based on mitochondrial DNA

sequences from the cytochrome oxidase one (COI)

region. Sequences for all species were obtained from

GenBank and aligned using Sequencher 4.10.1, and the

genetic distance matrix was created using the APE

package in R (accession numbers are reported in

Appendix B: Table B1). To visualize the distribution

of population trends in a phylogenetic context, we also

used the COI sequences to create a phylogenetic tree.

The tree was constructed with a constrained heuristic

search in PAUP (Swofford 2002) (see Appendix B for

more details on genetic analyses).

Shifting phenologies

Previous work in the Central Valley has revealed

shifts in the timing of first flight associated with warming

temperatures in the region (Forister and Shapiro 2003),

which could potentially affect our ability to detect and

correctly interpret population trends through time. In

particular, earlier emergence for a given species could

indirectly result in a reduction in the total number of

days observed if the entire flight window is shifted earlier

and ‘‘compressed’’ against the start of the season. An

analysis of phenological patterns per se is beyond the

scope of the present paper, but we do address the

association between changes in the timing of flight

windows and population trends through time. Specifi-

cally, dates of first and last flight (DFF and DLF,

respectively) were calculated for each species in each

year in terms of number of days since the start of the

calendar year. The length of the flight window (FW) is

then the difference between DLF and DFF. These three

indices (FW, DFF, and DLF) were separately regressed

against years. Slopes from those models were used in
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FIG. 1. Demographic trends over time for 28 species; three panels are shown for each species, corresponding to the three sites:
West Sacramento (WS), North Sacramento (NS), and Rancho Cordova (RC, from left to right, as labeled in the top left graph).
The y-axis of all plots refers to the fraction of days in which butterflies were observed per year (FDO) out of the total number of
days in which they could have been observed (see Methods). In choosing the 28 species shown, all species were first ranked by their
average rate of decline across the three sites (rate of decline is the coefficient associated with years in binomial regressions), and
species were taken from the top of the list (i.e., in the most severe decline, Euchloe ausonides) moving down to less rapidly declining
species (e.g., Phyciodes mylitta). Only species present at all three sites are shown. See Appendix C for complete analyses at each site,
and Fig. 3 for a broader but less detailed picture of population trends. The dashed lines and corresponding 95% confidence intervals
(gray shading) are the result of locally weighted scatterplot smoothing (LOESS) regression.
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Pearson product-moment correlations asking if the years

coefficients (from logistic regression models) are corre-

lated with change in FW, DFF, and DLF. If a

population decline (as represented by a negative years

coefficient) is associated with a simple reduction in the

width of the flight window (as opposed to a compression

of the flight window against the early season as

mentioned previously), we predict a position relation-

ship between change in FW and years coefficients

(species in more severe decline have flight windows that

are decreasing in width), accompanied by a negative

relationship between change in DFF and years coeffi-

cients (species in decline are being first observed on a

later date as overall abundances decrease).

RESULTS

For the vast majority of species at our three focal sites

in the Central Valley, the fraction of days in which

FIG. 1. Continued.
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individual butterfly species were observed decreased

across the years, in some cases dramatically. Trends for

a subset of species, those in most severe decline across

the three sites, are shown in Fig. 1. An illustration of the

fit of logistic regression models to an arbitrarily chosen

four exemplar species is shown in Fig. 2; complete

results from all logistic regressions are given in

Appendix C: Table C1. Negative coefficients associated

with years correspond to species in decline, and the

distribution of these coefficients (Fig. 3) demonstrates

the ubiquity of declines at our three focal sites, in

contrast to Gates Canyon (in the inner North Coast

Range), where the distribution of coefficients associated

with years was not significantly different from zero (Fig.

3, lower right panel). As discussed above, a small

number of relatively rare species (present in less than

seven years) at each site were not included in our

primary analyses. Thus we separately examined trends

in richness for this rare component of the fauna at each

site, and found a significant, linear decrease in richness

at one of our three focal sites (North Sacramento [NS])

and a negative trend at another (West Sacramento

[WS]), as illustrated in Appendix C: Fig. C2.

For the majority of species in which we examined

declines individually using logistic regression, we further

investigated the relationship between severity of decline

and changes in the length of the flight window. We

found that species in decline have shrinking flight

windows (correlation coefficients between changes in

flight window and years coefficients are 0.74, 0.67, and

0.65 for WS, NS, and RC (Rancho Cordova), respec-

tively; see Appendix C: Fig. C1). Species in decline are

being detected at a later date (the date of first flight is

shifting back) and being seen for the last time at an

earlier date (the date of last flight is shifting forward).

These changes (described fully in Appendix C) in date of

first and last observation are consistent with a change in

detection probability that would result from a decline in

overall population density and would be most pro-

nounced at the ‘‘tails’’ of the flight window (when

individuals are already less common than during other

parts of the season).

FIG. 2. Examples of the fit of binomial regression models for four species: (A) Polites sabuleti at West Sacramento (WS), (B)
Phyciodes campestris at WS, (C) Pontia protodice at WS, and (D) Satyrium californica at Rancho Cordova (RC). The coefficents
associated with years for these species are as follows: �0.073 (P ¼ 0.0002, for P. sabuleti), �0.14 (P ¼ 0.0026, for P. protodice),
�0.14 (P¼ 0.0048, for P. campestris), and 0.025 (P¼ 0.045, for S. californica). None of these species is shown in Fig. 1.
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Analyses of natural-history categories and variables

revealed few correlates of population trends. Of the

categorical variables, ruderal status showed the only

sign of predicting declines at one site (Table 1, and top

panel in Fig. 1), with non-ruderal species being perhaps

in more severe decline. It is interesting to note that the

opposite is true at GC, where ruderal species are in more

severe decline (v2¼ 12.56, P¼ 0.0004, N¼ 66), which is

consistent with previous results reporting a decline in

richness for ruderal species at GC and other sites near

but not in the Central Valley (Forister et al. 2010). This

phenomenon has been attributed to the dispersive and in

some cases nonresident nature of the ruderal taxa; many

of them recolonize GC seasonally from the valley floor.

Thus declines in source populations in the valley have

consequences for nearby sites.

For continuous natural-history variables, none were

significant predictors of population trends (Table 2),

although we illustrate the relationship with abundance

in Fig. 4 (middle panel) as being the largest (albeit still

nonsignificant) predictor of year coefficients. In con-

trast, continuous variables other than year coefficients

had consistent and significant relationships among

themselves (Table 2). For example, abundance was

negatively correlated with wingspan (smaller butterflies

are more abundant), and positively correlated with

geographic range (more widespread species are locally

more abundant; see Fig. 4 bottom panel), as has been

observed for many other animal groups.

Results from model averaging were consistent with

results shown in Tables 1 and 2 in emphasizing weak

positive relationships between the years coefficients

FIG. 3. Histograms illustrating the distribution of coefficients associated with years (‘‘Coef. years’’) from binomial regression
models for all species at each site. Negative coefficients correspond to population declines. Vertical dashed lines are drawn at the
zero mark for ease of visualization. T and P values in each panel correspond to single-sample t tests for the distribution of
coefficients at each site; significant values (P , 0.05) indicate a distribution of coefficients with a nonzero mean.
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(from logistic regression models) and abundance and

geographic range (Appendix D), and weaker relation-

ships with most other variables. Posterior probabilities

are given in Appendix D: Table D1 as a quantification of

our certainty (or uncertainty as the case may be) of the

importance of particular variables. Posterior densities

are shown in Appendix D: Fig. D1, with vertical lines

illustrating the probability that particular variables

should not be included in models.

While population trends were not readily predicted by

natural-history variables, they are consistent across sites,

as can be seen in pairwise relationships shown in Fig. 5.

TABLE 2. Correlations between rates of decline and ecological variables.

Location
and variable

Pairwise correlations Partial correlations

Abundance Wingspan Range Hosts Abundance Wingspan Range Hosts

WS

Coef. years 0.26 0.15 0.29 0.097 0.19 0.10 0.15 �0.0018
Abundance �0.12 0.41** 0.24 �0.41** 0.47** 0.22
Wingspan 0.39* 0.14 0.48** 0.16
Range 0.18 �0.0064

NS

Coef. years 0.18 0.11 0.084 0.11 0.27 0.14 �0.11 �0.011
Abundance �0.14* 0.46** 0.37* �0.42** 0.54*** 0.37*
Wingspan 0.34* 0.11 0.48** 0.19
Range 0.18 �0.080

RC

Coef. years 0.024 0.14 0.060 0.25 0.012 0.14 �0.084 0.25
Abundance 0.19 0.51*** 0.14 0.068 0.47*** 0.019
Wingspan 0.28 0.064 0.22 �0.043
Range 0.24 0.21

Notes: ‘‘Coef. years’’ is the coefficient associated with years from binomial regression models. ‘‘Abundance’’ is the average
fraction of days observed for species across the first one-third of years. ‘‘Range’’ is geographic range. Pairwise, Pearson correlation
coefficients are shown on the left, while partial correlation coefficients are shown on the right.

* P , 0.05; ** P , 0.01; *** P , 0.001.

TABLE 1. Results from Wilcoxon rank-sum analyses investigating the influence of natural-history
variables and taxonomic family on the distribution of population trends over time.

Parameter and site v2 P N for different levels of analysis

Ruderal/non-ruderal

WS 3.9 0.047 ruderal (22), non-ruderal (18)
NS 1.9 0.17 ruderal (22), non-ruderal (19)
RC 0.059 0.81 ruderal (19), non-ruderal (29)

Number of broods

WS 2.56 0.28 one (3), two (7), multiple (30)
NS 4.5 0.10 one (6), two (7), multiple (28)
RC 2.1 0.35 one (12), two (7), multiple (29)

Overwintering mode

WS 0.71 0.70 adult (8), larva (16), pupa (10)
NS 4.5 0.10 adult (10), larva (14), pupa (11)
RC 0.90 0.64 adult (10), larva (18), pupa (14)

Habitat association

WS 2.10 0.35 G (11), R (11), GTR (10)
NS 2.78 0.25 G (11), R (15), GTR (11)
RC 1.97 0.37 G (9), R (21), GTR (11)

Family

WS 1.75 0.78 Hes. (11), Lyc. (9), Nym. (13), Pap. (3), Pie. (4)
NS 3.10 0.54 Hes. (10), Lyc. (10), Nym. (14), Pap. (3), Pie (4)
RC 6.82 0.15 Hes. (10), Lyc. (13), Nym. (16), Pap. (4), Pie. (5)

Notes: The response variable in analyses was the coefficient associated with years from binomial
regression models. Habitat associations: G (grassland), R (riparian), and GTR (grassland, riparian,
and tule marsh). For analyses of overwintering mode, species overwintering as eggs and as more
than one mode were not represented by enough taxa to be included. For analyses of habitat, species
associated with grassland and tule marsh (as a combined association) and with riparian and tule
marsh (combined) were also not represented by enough individuals to be included. Butterfly
families: Hesperiidae, Lycaenidae, Nymphalidae, Papilionidae, and Pieridae.
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In other words, while we do not understand the ecology

associated with population trends for any one species, we

can be confident that an estimation of trends at one site

will be informative with respect to trends at other sites.

Finally, we found no phylogenetic pattern in population

dynamics: the correlation coefficient from a Mantel test

relating demography to genetic distance among taxa was

0.0026, P ¼ 0.96. The lack of phylogenetic structure is

readily apparent upon inspection of population trends as

shown in Appendix B: Fig. B1.

DISCUSSION

Previous work reported declines in richness in the

Central Valley of California (Forister et al. 2010), but

FIG. 4. Relationships between the distribution of population trends and ruderal/non-ruderal status (box plots, top panel). For
the box plots, the upper edge of the box represents the upper quartile, and the lower edge represents the lower quartile; the
horizontal line is the median; and the whiskers extend to the largest and smallest observations not considered outliers (i.e., within a
range defined by 1.5 times the interquartile range above and below the box). The middle panel shows population trends and
‘‘abundance,’’ and the bottom panel shows ‘‘abundance’’ and geographic range for West Sacramento (WS), North Sacramento
(NS), and Rancho Cordova (RC). Population trends are the coefficients associated with years (Coef. years) from binomial
regression models (more negative values corresponding to more rapid declines). See Methods for a discussion of ‘‘abundance.’’
Symbols correspond to butterfly families: Hesperiidae (open squares), Lycaenidae (open triangles), Nymphalidae (crossed lines),
Papilionidae (solid squares), and Pieridae (solid triangles). Dashed lines and 95% confidence intervals (gray shading) are simple
linear fits; see Tables 1 and 2 for full analyses. One species at one site (Ochlodes sylvanoides at West Sacramento) was excluded from
these graphs because the rate of decline was an outlier that compressed the presentation of the other points.
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did not address species-level patterns. Thus the mode of

decline for the Central Valley butterfly fauna was not

known. For example, one possibility (prior to the results

being reported here) might have been that the declines in

richness were associated with the loss of a subset of

sensitive species, leaving a core of resilient taxa. The

results reported here paint a different picture, one of

pervasive decline that is somewhat surprising given

results reported from other taxa. Specifically, we did not

find evidence for any ecological predictors of decline, as

has been found with other studies (e.g., Koh et al. 2004,

Franzén and Johannesson 2007, Nilsson et al. 2008).

The one possible exception to this is that non-ruderal

species appear to be in slightly more severe decline,

particularly at one site, with similar (though nonsignif-

icant) patterns at the other sites (Table 1). Of course,

there is always the possibility that greater statistical

power would reveal such predictors. Nevertheless, the

power of our large and long-term data set is suggested

by the significant associations among natural-history

variables themselves, even though they do not predict

population trends (Table 2).

We have offered a quantification of our uncertainty in

the form of Bayesian posterior probabilities for predic-

tors of population dynamics (see Appendix D). For

example, we have only a 31.5% confidence that

abundance should be included in models predicting

population trends at WS. (Across all sites, the proba-

bility is 28.3%.) The flip-side of that uncertainty for

abundance at WS is a 68.5% confidence that abundance

should not be a component of models predicting

population decline at that site. While 68.5% is a fairly

convincing statement regarding the lack of importance

of a variable, it is also not 100%, and we report these

values, as they could be used as prior information by

other researchers in the Central Valley studying butterfly

declines in the future. Such prior probabilities are

valuable but rarely available in ecology, although their

importance could be key when studying the increasing

rarity of organisms, as statistical power is only likely to

go down with time.

It should be noted that our data are different from

some of the points of comparison in the literature in that

we have a temporally intensive but not geographically

extensive data set. Thus it might be the case that greater

habitat variation in space is needed to understand the

correlates of extinction (Maes and Van Dyck 2001,

Thomas et al. 2004, Swengel et al. 2011). Yet another

possibility is that we have studied declines rather than

extinction per se, and that the same study conducted in

another decade would come to different conclusions,

once more local extirpations have occurred. In other

words, these faunas might have accumulated consider-

able extinction debt (Kuussaari et al. 2009), which will

come to term at different times for different taxa

(Hanski and Ovaskainen 2002). However, these possi-

bilities must still be considered in the light of the

pervasive declines reported here (Fig. 3). At RC, for

example, Brephidium exile (a small and relatively

localized species) is in qualitatively similar decline as

compared to Pieris rapae, one of the most common and

‘‘weedy’’ species in North America (Fig. 1).

FIG. 5. Correlations between population trends across sites:
West Sacramento (WS), North Sacramento (NS), and Rancho
Cordova (RC). Each of the three panels is a pairwise comparison
involving species shared between sites, with individual circles
corresponding to individual species and the axes corresponding
to coefficients associated with years from binomial regression
models. Numbers in plots are correlation coefficients (‘‘Coef.’’)
from nonparametric Spearman correlations.

*** P , 0.001.
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In fascinating contrast to the lack of ecological

predictability and phylogenetic ubiquity in population

trends is the consistency of those same trends across space

(Fig. 5). In some cases, there might be genuine demo-

graphic overlap between sites for particularly dispersive

species (resulting in synchronized declines), but this is

certainly not true for most species that have localized

population dynamics relative to the distances between the

study sites. We tentatively interpret this consistency in

space as suggesting a multitude of stressors to which

individual butterfly species respond differently. In other

words, despite the lack of ecological pattern associated

with declines (Tables 1 and 2), consistency in space

suggests that demographic patterns are not random but

indeed deterministic at the species level. For example,

certain taxamight respondmore to habitat fragmentation

(Schtickzelle et al. 2006), while other species might be

responding to pesticides or interactions with biocontrol

agents (Longley and Sotherton 1997).

While the suggestion that causal factors are suffi-

ciently diverse to be unpredictable across taxa will wait

upon future studies, there can be no doubt that the

Central Valley of California is not lacking in stressors,

as one of the most intensively farmed and rapidly

developed regions of the country (Katibah 1984). Land

conversion has been associated elsewhere with declines

in butterfly and moth populations, as in urban Rome

(Fattorini 2011), and the south of England (Conrad et

al. 2006). Changes in land use have been implicated

previously in the decline of Central Valley butterflies

(Forister et al. 2010), though none of our study sites

have been directly affected by development. The impact

of development on surrounding land is being investigat-

ed elsewhere (K. L. Casner, M. L. Forister, J. O’Brien,

J. H. Thonne, D. P. Waetjen, and A. M. Shapiro,

unpublished manuscript). Furthermore, it is worth noting

that the declines reported here have happened in

association with a dramatic shift in resource use: a

majority of butterflies in certain areas of low-elevation

California, particularly around urban centers, now

regularly and even exclusively utilize alien host plants

(Shapiro 2002).

In addition to land conversion, climatic stressors

almost certainly play some role in the patterns reported

here, though the present paper has been focused on

endogenous properties of decline (i.e., population

dynamics and potential correlates of extinction) rather

than external drivers. In a broad analysis, focused on

richness rather than individual species, Forister et al.

(2010) found generally positive associations between

butterflies and warming temperatures at low elevations

in California, though other studies have suggested more

complex relationships and a more direct and negative

role for climate in the decline of populations (Ehrlich et

al. 1980, McLaughlin et al. 2002). Climatic variation

could also be involved in the synchrony of declines

across sites (Fig. 5), as climatically mediated synchrony

has been demonstrated in a number of other systems

(e.g., Powney et al. 2010).

CONCLUSIONS

The goal of the present study was to document

demographic patterns and test for ecological correlates

of decline. We find a striking pattern that a majority of

species have been observed in a smaller fraction of their

potential flight window in recent years across three sites

in the Central Valley of California. We find some spatial

predictability (across sites) in rates of decline. However,

unlike a number of other studies, we do not find that

species with certain traits, such as restricted diet breadth

or small geographic range, are in more severe decline

(McKinney 1997). Although further field studies are

needed, this outcome could be a consequence of an

exceptionally large extinction debt that has accrued as a

result of the rapid anthropogenic conversion of the

Central Valley of California, first to agricultural lands

and then to urban and suburban spaces. The results

reported here should remind us that the current mass

extinction event is in progress, and we have more to

learn about the ecology of contemporary extinctions

before we can conclude that the current event is or is not

similar to ancient mass extinction events.

PLATE 1. A painted lady butterfly (Vanessa cardui) on a
flower of yellow starthistle (Centaurea solstitialis), a common
invasive plant in the Central Valley of California, USA.
Illustration by M. L. Forister.
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